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ANALYSIS OF HEAT INDUCED DNA DAMAGE DURING PCR AND 
VERIFICATION, VALIDATION AND COMPARATIVE ANALYSIS OF TWO PCR 
MEGAPLEXES  
 
SAMAN SALEEM 
 
ABSTRACT 
 Biological evidence collected at crime scenes are often subjected to 
forensic deoxyribonucleic acid (DNA) testing. During forensic DNA testing the 
DNA from the evidence and known samples are extracted, purified, amplified 
using Polymerase Chain Reaction (PCR), and analyzed using capillary 
electrophoresis (CE). In order to appropriately compare the profile of the suspect 
to the evidence, it is essential that interpretation parameters and optimized 
processing schemes are established. This study endeavors to accomplish this 
by: first, evaluating whether the PCR temperature cycling is detrimental to the 
amplification process; and second, by establishing and comparing interpretation 
parameters for two commonly employed short tandem repeat (STR) megaplexes. 
 To evaluate the effects of temperature cycling on downstream signal, a 
dynamic systems model was developed, validated, and used to test the effects of 
temperature on DNA damage and the subsequent fluorescence signal. Though 
DNA is generally thought to be a stable molecule, heat-induced damage does 
occur. Specifically, this model assesses the damage to the guanine and cytosine 
bases during temperature cycling. The model conducts the amplification of a 
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single locus during PCR and generates the peak height observed after capillary 
electrophoresis. The model was designed to assess not only the effects of heat-
induced DNA damage but to also incorporate variability in PCR efficiency. The 
simulated data indicate that heat-induced DNA damage does not significantly 
reduce the allelic signal. Also, although changes in PCR efficiency introduce 
variability in the peak heights at all targets, the peak heights observed with and 
without heat-induced DNA damage are not significantly different. In fact, the 
variation in PCR efficiency has a larger effect on the number of amplicons 
produced than does the heat-induced DNA damage. 
 The second part of this study compares two PCR amplification 
megaplexes, PowerPlex® Fusion and GlobalFiler®, by evaluating their 
sensitivities, limits of detection, presence of artifacts, heterozygous peak 
balance, and ability to amplify minor contributors in DNA mixtures. Analysis of 
single source samples using weighted least squares regression analysis 
indicates that PowerPlex® Fusion has greater analytical sensitivities and lower 
limits of detection at comparable dye channels, and both kits display similar 
heterozygous balance. However, the GlobalFiler® processing scheme produced 
fewer artifacts for the various single source samples analyzed, particularly at 
higher target amounts. Also, analysis of two and three person DNA mixtures 
indicates that both megaplexes perform equally well when detection of the minor 
contributor is the criterion.  
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1. INTRODUCTION 
1.1 Analysis of Heat-Induced DNA Damage 
1.1.1 Heat-Induced DNA Damage 
 Deoxyribonucelic Acid (DNA) composes the genetic material of every 
organism, and its stability in vivo is necessary for the sustenance of life[1]. 
Structural properties of DNA such as its various folding formations during in vivo 
processes like replication, have been extensively studied and described[1-4]. 
Studies which aim to characterize and classify types of DNA damage during 
replication have shown that DNA structure and components can be altered with 
the introduction of certain environmental factors such as heat and Ultraviolet 
(UV)-radiation[4]. Polymerase Chain Reaction (PCR) mimics the in vivo process 
of DNA replication by cycling the temperature between approximately 55°C and 
95°C a number of times in the laboratory. Therefore, it is expected that heat-
induced DNA damage occurs during PCR thermal cycling[5]. 
 DNA is usually found in aqueous solutions and is considered stable at 
temperatures below 100ºC[1]. However, even when the structure of the DNA 
strand may remain stable, changes in its components can affect the replication 
process. Changes in the bases can cause replication processes to halt, or they 
may alter the type of protein made from the damaged DNA[2]. These base 
modifications include, but are not limited to, changes in the base’s molecular 
structure and base substitution. 
2 
 
 DNA damage sustained during PCR can be of relevance to not only the 
study of molecular pathways, but also to other laboratory methods such as 
forensic DNA analysis. During forensic DNA analysis, PCR is used as a 
replication method to amplify the DNA found on items of evidence. This amplified 
DNA is then used to generate a genetic profile that can be analyzed, interpreted, 
and compared to a known profile. If DNA is damaged during PCR, the ability to 
generate a genetic profile and interpret the results may be compromised. 
 While there are many sources of DNA damage, ranging from UV-
radiation to high pH conditions, this study focuses on DNA damage caused by 
the high temperatures used during the PCR cycling process. During PCR, the 
sample which contains DNA and PCR components, is cycled through high 
temperatures, from as few as 25 times to as many as 40 times[5]. During these 
cycles, the DNA is subjected to heat induced denaturation, primer annealing, and 
primer extension[5].  
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Figure 1: Steps of PCR thermal cycling which includes denaturation, primer 
annealing, and primer extension that take place at various temperatures. 
 Figure 1 illustrates the typical temperatures used to induce denaturation, 
annealing, and extension during PCR. Since the PCR reaction may include as 
many as 40 cycles, it is clear that DNA molecules cycle through high 
temperatures for significant periods of time. Therefore, it is of interest to evaluate 
the effect of these temperatures on the ability to produce forensically relevant 
signal. This study focuses on a monoplex PCR assay that cycles the DNA 
through 3 different temperatures for 32 cycles and introduced DNA damage by 
increasing the temperature of the aqueous solution. The specific aim was to 
understand how the damage could affect replication and the extent to which the 
damage influences signal.  
 Heat-induced damage to DNA bases and structures can occur at 
temperatures below 100°C[3, 6-8]. During this study, two types of heat-induced 
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DNA damage were evaluated in a dynamic model: 1) the deamination of the 
cytosine base, and 2) the depurination of the guanine base. Both of these types 
of damages have been studied in vitro for both single and double stranded 
DNA[7, 8].  
 Deamination of the cytosine base results in the conversion of a cytosine 
base into a uracil base via the release of an ammonia group. Lindahl et al tested 
the rate of deamination of cytosine bases by using denatured E. Coli B DNA, with 
14C-labeled cytosine. The rate of deamination of the base was determined by 
measuring the radioactivity of the deaminated fraction versus the radioactivity of 
the fraction of DNA that remained in its original form. Lindahl et al showed that 
cytosine deamination in denatured DNA is largely dependent on temperature if 
the solution is between 70°C and 95°C. Additionally, it was shown that as the 
temperature of the solution decreased, the changes in DNA secondary structure 
led to protection of the cytosine base and thus the rate of deamination was 
reduced. Also, the deamination of the cytosine base is a first order reaction 
between 65-110°C, and the rate at which it occurs is linearly dependent on time. 
During PCR, DNA is consistently cycled through temperatures which range from 
70 to 95°C, and the deamination of the cytosine base and subsequent 
conversion to uracil can affect the replication process[7]. 
 In addition to the deamination of the cytosine base, the depurination of 
DNA via the loss of the guanine base during PCR was also assessed. A break in 
the glycosidic bond results in the release of a purine base, in the case guanine. 
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Bruskov et al examined the rate of guanine depurination by using DNA from 
chicken erythrocytes and salmon sperm in a buffer solution at pH 6.8. The 
samples were heated for various time periods at temperatures ranging from 60 to 
90°C. The products of the glycosyl bond breakage were separated by size 
exclusion chromatography and the base concentrations were measured 
spectrophotometrically. Bruskov et al determined that initially the rate was 
linearly dependent on time at the various temperatures. If depurination occurs 
during replication, the gap in DNA can either alter the complimentary strand or 
halt replication[8]. As guanine depurination can occur at PCR cycling 
temperatures, it is important to determine the magnitude of DNA damage 
introduced via this mechanism.  
 The two processes, deamination of cytosine and depurination DNA via 
the loss of guanine, were chosen as they were the ones most likely to occur at 
PCR cycling temperatures and conditions. The subsequent modification in DNA 
structure can lead to significant modifications in DNA folding, primer binding and 
DNA synthesis. This in turn can lead to a decrease in the fluorescence signal 
used during interpretation.  
1.1.2 PCR Efficiency 
PCR efficiency is a representation of the number of DNA amplicons 
produced during a single cycle of PCR. The DNA replication process can be 
defined by:  
 =  1 + 
      Equation 1 
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where C0 is the initial concentration of DNA, n is the cycle number, Cn is the 
concentration of DNA after n cycles, and E is the efficiency of the PCR reaction. 
Thus, if the efficiency is 1, for every cycle of PCR, the number of DNA copies 
exactly doubles. Like all reaction systems, PCR is not consistently perfect. 
Variation in PCR efficiency between cycles can lead to variation in the number of 
amplicons produced, which affects the number of amplicons injected, which in 
turn, exhibits as signal variation. If the signal of two alleles within a locus are 
discrepant, heterozygous imbalance is the result. In extreme cases, dropout of 
one of the sister alleles may occur. When analyzing low copy number DNA 
samples, an allele’s peak height may be indistinguishable from noise, and in 
these cases the genotype at the locus becomes ambiguous. If the genotypes 
over multiple loci are difficult to determine, then interpretation and comparisons 
to known samples becomes challenging[9].  
1.1.3 Dynamic Systems Modelling 
 Dynamic modelling is a process by which abstract representations and 
symbols are used to illustrate complicated systems. Modelling is often used to 
investigate a hypothesis, explain cause and effect relationships, and even predict 
and plan actions based on previous events[10]. For example, Faust et al used 
dynamic system models to assess a grizzly bear population’s risk of decline and 
determine the potential to reverse the decline[11]. Fagerlind et al designed a 
dynamic model to evaluate the spatial localization of cell death during biofilm 
development[12]. Further, Tang et al used dynamic modeling to predict capacity 
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loss in vanadium redox flow batteries over time[13]. In this study, systems 
dynamic modelling provided a way to visualize the effect heat-induced DNA 
damage has on the DNA signal. 
 In this study, simulated data generated by dynamic modeling consisted of 
peak height information. These peak height data were then used to assess 
whether heat-induced DNA damage during PCR cycling can substantially impact 
signal and whether the impact is large enough to affect interpretation.  
1.2 Verification, Validation and Comparison of Two PCR Megaplexes 
1.2.1 Validation Guidelines 
 Validation is the process by which a laboratory can evaluate a protocol to 
determine its efficiency and dependability for use in casework. Additionally, 
during a validation, critical steps in the testing process are determined and 
evaluated to establish interpretation guidelines. The Scientific Working Group on 
DNA Analysis Methods (SWGDAM) states that laboratories must perform an 
internal validation during which test data, using established methods and 
procedures, should be collected. And the results should be used to determine if 
the methods perform as expected in the laboratory prior to using a procedure for 
forensic applications. SWGDAM also recommends that laboratories evaluate the 
appropriate sample number and sample type necessary to prove reliability and 
establish potential limitations of the method being evaluated[14]. 
 For forensic PCR amplification systems, the sensitivity, stochastic effects, 
precision, accuracy, risk of contamination and ability of the amplification assay to 
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distinguish male and female, and major and minor contributors in DNA mixtures 
must be evaluated[14]. With the introduction of commercially available 24-plex 
amplification chemistries, a comparison of the kits’ sensitivities, limits of 
detection, analytical and stochastic thresholds, frequency of dropout, false 
detection rates, presence of artifacts, heterozygous peak balance, and 
effectiveness at detecting minor contributors in DNA mixtures were used as 
metrics to indicate whether these newly designed STR megaplexes should be 
classified as robust and reliable. Further, these figures were used as a means to 
quantitatively assess whether one kit outperformed the other. Additionally, while 
a-per locus evaluation of these figures is preferred as amplifications may vary 
from small to large loci, a per dye color channel evaluation was chosen because 
forensic laboratories typically implement interpretation guidelines on a per dye 
basis rather than on a per locus basis. 
 1.2.2 Sensitivity and Limit of Detection 
 The concentration of DNA generated during PCR is described by Equation 
1. If the efficiency of the reaction is 1, then the relationship is defined as the 
following: 
 =   2               Equation 2 
where Cn is the concentration of DNA after n cycles, C0 is the initial concentration 
of DNA and n is the cycle number. If the endpoint cycle number is known, and it 
is assumed that the Relative Fluorescence Unit (RFU) signal is directly 
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proportional to the concentration of the amplified product injected, the following 
linear relationship between C0 and RFU is obtained, 
 =  2 +   Equation 3 
where B is the y-intercept, which is 0 if the proportionality is unbiased, and the 
slope is 2n multiplied by a proportionality constant (. Thus, if optimal conditions 
are met, the samples contain relatively low concentrations of DNA, and the PCR 
efficiency remains close to 1, a plot of C0 versus RFU should be a straight line, 
and the resulting linear parameters may be used to determine the methods’ 
sensitivities and limits of detection[15]. 
Sensitivity is a figure of merit that can be used to describe the 
performance of an analytical method, but it is often erroneously described as the 
limit of detection. Though related, these two are not synonymous because 
sensitivity is defined as the change in signal with analyte concentration whereas 
the limit of detection is the smallest amount of analyte that can be detected. The 
two most common forms of sensitivity are calibration sensitivity (Equation 4) and 
analytical sensitivity (Equation 5). 
 =   Equation 4 
 =   Equation 5 
where m is the slope of the tangent at concentration c of the analytical curve, and 
is a single value if the signal-to-concentration relationship is linear, and SDc is the 
standard deviation of the signal at a given concentration[15, 16]. Though 
calibration sensitivity is commonly used to describe a method’s sensitivity, it does 
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not take into consideration the reproducibility of the signal at a given 
concentration. In contrast, analytical sensitivity takes into account the change in 
signal with respect to concentration as well as the precision of the measurement 
at a given concentration[17]. The analytical sensitivity, therefore, reflects the 
ability to discern small differences in input amounts at a given concentration. So, 
while a method may have a large calibration sensitivity, it may not necessarily 
have a large analytical sensitivity, as the standard deviation of the observed 
signal may also be large[15]. 
 An assessment of the sensitivity also allows for the determination of the 
dynamic range associated with the amplification chemistry and instrument, and it 
allows for the ideal target for amplification to be determined. Additionally, it can 
provide information regarding signal-to-noise ratios associated with the 
instrument and the assay. This, in turn allows for the establishment of an 
analytical threshold (AT) or minimum distinguishable signal which is used to 
distinguish allelic peaks from noise[18, 19]. Ideally, the AT is chosen such that it 
maximizes the detection of alleles while minimizing the detection of instrumental 
noise or false detections.  
 The International Union of Pure and Applied Chemistry (IUPAC) defines 
the limit of detection (LOD) as a concentration derived from the smallest measure 
that can be detected with a reasonable certainty for a given analytical 
procedure[20]. In order to calculate a limit of detection with reasonable certainty, 
measurements of the method’s signal, as well as the errors associated with these 
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measurements, must be recorded. In order to determine a method’s LOD, 
Winefordner suggests utilizing the theory of Propagation of Random Error, which 
incorporates the error of the components[16]. To use this approach, a linear 
regression analysis of the RFU signal versus the target DNA mass must be 
performed, and associated errors of the slope and intercepts must be obtained.  
 Using the y-intercept and the error associated with the measurement, the 
minimum distinguishable signal can be calculated. The minimum distinguishable 
signal is the point above which one can accurately separate analyte signal from 
noise. Utilizing the minimum distinguishable signals, and the linear relationship 
between the mass and the signal observed, determination of the minimum 
amount of analyte that would produce a signal that is distinguishable from noise 
can be made. This could therefore be described as the limit of detection of the 
protocol or process.  
1.2.3 Heterozygous Balance and Frequency of Dropout 
 Amplification of low template, i.e. less than 100 pg, DNA samples are 
often subject to stochastic effects. Stochastic effects are detected when two 
alleles at a heterozygous locus exhibit peak height imbalance, or in extreme 
cases, an allele fails to amplify to a detectable level. A threshold value, known as 
the stochastic threshold, may be used to define the signal value above which it is 
reasonable to assume that dropout of a sister allele (of a heterozygous locus) 
has not occurred. In order to establish the stochastic threshold, the heterozygous 
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balance and frequency of dropout of samples amplified at various target amounts 
must be examined.   
 Heterozygous balance refers to the ratio between peak heights of two 
sister alleles at a locus. Since the peak height is a reflection of the amount of 
amplification product from the allele present in the sample, a ratio of the two peak 
heights represents the assay’s ability to amplify both alleles at a locus equally. 
Heterozygous balance can be calculated as 
 =  !" !    Equation 6 
where LMW is the peak height of the lower molecular weight allele and HMW is 
the peak height of the larger molecular weight allele. As demonstrated by Bright 
et al for the AmpFISTR® Identifiler®, AmpFISTR® MiniFiler™ and NGM Select™ 
amplification multiplexes, as the average peak height of the locus or the target 
DNA mass decreases, the variability in Hb increases. This leads to a 
characteristic formation of a funnel shape when the Hb is plotted against the 
average peak height of the locus calculated as 
#$ =  !%" !&    Equation 7 
where LMW is the peak height of the lower molecular weight allele and HMW is 
the peak height of the larger molecular weight allele at a heterozygous locus[21-
23]. The characteristic funnel shape shows that as the average peak height of 
the locus increases, the heterozygous balance approaches 1, suggesting that 
with increasing target amounts, there is less variability in peak height balance 
and the peak heights tend to be nearly equal.  
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 When heterozygous imbalance is extreme, one of the sister alleles at a 
locus may dropout or not be detectable above the AT. Just like heterozygous 
imbalance, it has been shown that the frequency of dropout increases as the 
target DNA mass decreases[24]. Once again, as the peak height of an allele is 
proportional to the amount of DNA present in the sample, as described by 
equation 3, the frequency of dropout should also increase as the average peak 
height of the sample decreases. Evaluation of the frequency of dropout for 
samples during validation, can be used to determine the stochastic threshold: a 
signal threshold below which dropout is deemed more probable than above. 
1.2.3 DNA Mixtures 
 Often DNA extracts obtained from evidence items contain mixtures of 
DNA from two or more contributors. Even with samples containing ideal target 
DNA masses, it is difficult to deconvolve the genotypes of individual contributors 
in a mixture. The interpretation of DNA mixtures is further complicated if the 
number of contributors increases or the total concentration of DNA in the PCR 
reaction decreases[24, 25]. Since the probability of allelic dropout increases with 
decreasing levels of DNA, alleles from a minor contributor in a DNA mixture may 
dropout if the amount of DNA from the minor contributor is low. This has a large 
impact on the interpretation of mixture profiles when attempting to include or 
exclude a person as a contributor to the mixture. As per SWGDAM guidelines, if 
DNA mixture samples are tested in casework, it is important to evaluate similar 
mixtures during validation to establish protocols for the interpretation of these 
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mixtures[14, 18]. In this study, the ability of the megaplexes to detect minor 
contributors in DNA mixtures was evaluated to determine if one megaplex 
outperforms the other.  
1.2.4 PCR Megaplexes 
 In 2010, the CODIS (Combined DNA Index System) Core Loci Working 
Group recommended that the  number of CODIS Core Loci in the United States 
be expanded from 13 to 21 in order to allow for increased international 
compatibility and power of discrimination[26]. As a result, two STR multiplexes, 
with the ability to amplify 24 loci, were made commercially available. The 
additional loci include some loci from the 12 STR markers European Standard 
Set (ESS), 2 markers used by the Spanish nation DNA database, and 13 CODIS 
Core loci[27]. Though these megaplex chemistries amplify a majority of the same 
loci and have similar powers of discrimination, one utilizes six fluorophores while 
the other uses five. This subtle difference has implications regarding the size of 
the amplicons produced and thus, the ability to successfully amplify degraded or 
inhibited samples. Below is a description of each megaplex.  
 The GlobalFiler® PCR Amplification Kit is a 6-dye system which utilizes 6-
FAM (blue), VIC (green), NED (yellow), TAZ (red), SID (purple) and LIZ® 
(orange) as the fluorescent probes. This megaplex consists of the already 
established 13 CODIS core loci, 2 Y-markers (Y-indel and DYS391), and 6 
additional autosomal loci (D2S441, D22S1045, D10S1248, D1S1656, D12S391, 
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and SE33). The thermal cycling protocol used with the GlobalFiler® kit is a 2-step 
cycling system with a total PCR amplification time of 1.5 hours for 29 cycles[28].  
 The PowerPlex® Fusion System is the other commercially available 
megaplex PCR system. This multiplex uses a 5 fluorophores which are FL (blue), 
JOE (green), TMR-ET (yellow) CXR-ET (red) and CC5 (orange). This megaplex 
does not include the Y-indel and SE33 markers, but instead includes 
pentanucleotide short tandem repeats (STRs), Penta D and Penta E. The 
thermal cycling protocol used in conjunction with the PowerPlex® Fusion System 
is a 3-step cycling process, but with shorter incubation times. The amplification 
also takes approximately 1.5 hours for total PCR time for 30 cycles[29].  
1.2.5 Goal of the Study 
The aim of this study is to compare and contrast the two megaplexes, and 
determine suitability for casework purposes. Analytical figures of merit are used 
as a quantitative and objective means to compare these STR chemistries. Once 
the figures have been determined, the analytical and stochastic thresholds are 
applied to mock casework DNA mixture samples and megaplexes’ ability to 
detect minor alleles was used to assess the impact of kit chemistry on the ability 
to successfully interpret forensic data.  
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2. ANALYSIS OF HEAT-INDUCED DNA DAMAGE DURING PCR 
2.1 Methods 
2.1.1 Overview 
Representing PCR as a dynamic systems model is a valuable way to 
understand the movement of DNA through PCR and to understand the type of 
damage that may be produced as a result of elevated PCR temperatures.  
2.1.2 Model Development 
The complete model, as seen in Figure 2, portrays the method from PCR 
amplification to the STR analysis. STELLA® version 10.1 (ISEE Systems, 
Lebanon NH) was used to develop this model. This model is divided into three 
main parts: PCR efficiency, loss of DNA amplicons during PCR, and capillary 
electrophoresis or signal analysis. 
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Figure 2: Stock-Flow Diagram of the Complete Model of PCR with PCR efficiency and Capillary Electrophoresis 
Analysis for the TPOX locus 
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2.1.2.1 PCR Efficiency 
The PCR laboratory protocol that is described with this model was 
previously optimized by Iacona and was based on the amplification of the TPOX 
STR locus with 200 μM dNTPs, 2.25 mM MgCl2, 0.5 μM forward and reverse 
primers, and 0.025 U/μL AmpliTaq Gold® DNA polymerase[30]. The cycling 
conditions for the PCR were set to 95ºC for 10 minutes, then 32 cycles of 94ºC 
for 60 seconds, 58ºC for 60 seconds, and 72ºC for 60 seconds, followed by a 90 
minute extension period at 60ºC and then held at 15ºC[30].  
Once the PCR protocol was optimized, the data were evaluated and the 
following efficiency equation was found to fit the data well[30]. Therefore, the 
following equation was used to model PCR efficiency in this work. 

 = '()*+,0.96, 23456 − 1.94714 × 10;<= × (;< Equation 8 
where the efficiency (E) decreases at a rate that is dependent on the number of 
amplicons (N) produced during the previous cycle (n) and σPCR is the standard 
deviation of PCR efficiency, which was set to 0.096 in this model as per previous 
work in this laboratory[30].  
Another assumption, implicit in the PCR model, is that amplification only 
occurs as long as the number of unincorporated primers is greater than the 
number of amplicons that are to be replicated at cycle n. That is, once the 
number of amplicons exceeds the number of free primers the amplification is 
halted. Though this is unlikely to be true, it is used as a strop function in order to 
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avoid instances where an unrealistically high number of amplicons are 
synthesized. 
2.1.2.2 Loss of DNA Amplicons during PCR Amplification 
During the PCR process, the DNA is cycled through different 
temperatures, and at each cycle the elevated temperature causes damage to the 
amplicons. The two sources of DNA damage during PCR are modeled via: 1) the 
deamination of cytosine bases, and 2) the depurination of the guanine bases. 
These damages occur in a linear fashion as a first order reaction with different 
rate constants at the various temperatures as determined by Lindahl et al and 
Bruskov et al [7, 8]. To review, the first order reaction kinetics described by 
Lindahl et al and Bruskov et al defined the rate at which the molecules of DNA 
are damaged on a per second basis. Though the rate is dependent on the 
concentration of guanine or cytosine bases present in the DNA molecule, for the 
purposes of this model, the rate was used to describe the damage to one 
cytosine or guanine base in an amplicon. This meant that at a given temperature 
amplicons were discarded as damaged and not used during amplification or 
electrophoresis, when a single cytosine or guanine base within the strand was 
damaged. Table 1 summarizes these loss rates at PCR cycling temperatures as 
per Lindahl et al and Bruskov et al[7, 8]. 
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Table 1: Rates of Cytosine Deamination and DNA Depurination via Loss of 
Guanine Base at PCR Cycling Temperatures  
Temperature (°C) Rate of Cytosine 
Deamination (sec -1) 
Rate of DNA 
Depurination via Loss 
of Guanine Base (sec -1) 
70 1.2 x 10-9 1.07 x 10-7 
95 2.2 x 10-7 1.78 x 10-6 
 
2.1.2.3 Capillary Electrophoresis 
In order to assess what affect the loss of amplicons would have on the 
peak height of the alleles observed after CE, the number of amplicons was 
converted to peak height in RFU. To accomplish this, the TPOX locus and its 
sensitivity during PCR and CE, as determined previously in the laboratory, was 
used[30].  
$>+? >@AℎC  = 8.0 × 10;E × #F,@G)HI  Equation 9 
Thus, the output, i.e., the peak height, represented the peak height in RFU of a 
homozygous locus or the sum of the allelic peak heights of a heterozygous locus.  
2.1.3 Validation of Model 
Before running simulations, the model was validated by setting all the 
various sources of loss to 0 and 1. Setting the DNA loss to 1 resulted in peak 
heights of 0 RFU, which was expected because a loss of a 100% of the 
amplicons would result in no signal since no amplicons would be available for 
CE. In contrast, when DNA losses were set to 0, the peak heights observed 
should reflect what was experimentally seen in the laboratory. When this was 
performed, the peak heights observed matched the empirical sensitivity data 
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obtained during laboratory testing as reported by Iacona and Krause for the 
TPOX locus[30, 31].  
2.1.4 Model Simulations and Analysis 
Four data sets, representing four different laboratory conditions were 
generated: 1) 0% heat-induced amplicon damage with the standard deviation of 
PCR efficiency (i.e., σPCR, Equation 8) set to 0; 2) rate dependent heat-induced 
amplicon damage with the standard deviation of PCR efficiency set to 0; 3) 0% 
heat-induced amplicon damage with the standard deviation of PCR efficiency set 
to 0.096; and 4) rate dependent heat-induced amplicon damage with the 
standard deviation of PCR efficiency set to 0.096. Comparison of the first two 
data sets shows the effect of heat-induced DNA damage on peak height if PCR 
efficiency does not randomly change at each cycle. Comparison of the second 
two data sets demonstrates the effect of heat-induced DNA damage on peak 
heights if stochastic variation caused by a change in PCR efficiency with each 
cycle is also considered. To compare these conditions, peak heights were 
simulated using the following targets of DNA: 0.031, 0.062, 0.125, 0.25, 0.5, 
0.75, and 1 ng; and the target amount was converted into the diploid copy 
number before the simulation run. The equation below was used to convert the 
target DNA mass to the diploid copy number[32]. 
                                            # = 333 KLMNOP × Q                         Equation 10 
where A is the number of diploid copies of DNA and M is the target mass of DNA 
in ng. Additionally, as this work only attempted to study the effect of DNA 
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damage during PCR, the variation associated with a CE injection, σcapillary was set 
to 0. Thus, if variation in peak height is observed in the simulated data, it is a 
result of the PCR system. 
For the conditions where stochastic variation in PCR efficiency was set to 
0, the peak heights generated, with and without DNA damage, were compared to 
each other at each target. For the comparison of the set of conditions with 
stochastic variation in PCR efficiency, the model was run ten times and the 
simulated peak heights were recorded. The average peak height and the 
standard deviation were then calculated at each target for both conditions.  
2.2 Results and Discussion 
2.2.1 Assessment of Peak Heights without Stochastic Variation in PCR 
Efficiency 
In order to assess the effect of heat-induced DNA damage during PCR, 
the stochastic variation in PCR efficiency was set to 0, so that the generated 
peak height was not affected by variation in PCR efficiency. As previously 
described, dynamic model was used to simulate the peak height of a 
homozygous TPOX locus, in RFU, after 32 cycles, based on Equation 9. 
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Figure 3: Heat-Induced DNA Damage using a Dynamic Model without Stochastic 
Variation in PCR Efficiency. (□) TPOX Peak Height (RFU) with Heat-Induced 
DNA Damage versus Amount of Target DNA (ng). (Δ) TPOX Peak Height (RFU) 
without Heat-Induced DNA Damage versus Amount of Target DNA (ng), ranging 
from 0.031-1 ng. The points were shifted in x-direction for clarity. 
As previously described, the model was developed such that the amount 
of target DNA can be modified, and the generated peak height is that of a 
homozygous locus. Since the variation in PCR efficiency, σPCR, and the variation 
of a CE injection, σcapillary, were set to 0, the same peak height was generated 
every time the model was run for each target. This denotes that the peak height 
observed was a reflection of a PCR reaction without variation in efficiency and 
was not affected by variation in CE. Thus, a comparison of peak heights 
generated by the model with and without heat-induced DNA damage would show 
whether heat-induced DNA damage during PCR affects the resultant signal. 
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The peak heights obtained with and without heat-induced DNA damage 
were nearly identical. For example, the largest observed difference between 
peak heights generated with DNA damage and without heat-induced DNA 
damage was 21 RFU, or 0.4%, of the peak height at 1 ng. At lower target 
amounts, with only 10 and 21 diploid copies of DNA, the difference in peak height 
was only 1 RFU, or 0.6% of the peak height. While a change in peak height 
exists between PCR with heat-induced DNA damage and without heat-induced 
DNA damage, the observed change is inconsequential and peak height loss of 
less than 1% is not expected to make a difference during DNA interpretation of 
forensic casework sample and comparison to a known. 
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2.2.2 Assessment of Peak Heights with Stochastic Variation in PCR 
Efficiency 
 
Figure 4: Heat-Induced DNA Damage Using a Dynamic Model with Stochastic 
Variation in PCR Efficiency. (□) TPOX Peak Height (RFU) with Heat-Induced 
DNA Damage versus Amount of Target DNA (ng). (Δ) TPOX Peak Height (RFU) 
without Heat-Induced DNA Damage versus Amount of Target DNA (ng). The 
points were shifted in x-direction for clarity. 
Figure 4 is a graph of the TPOX peak heights from ten simulated runs 
conducted when the stochastic variation in PCR efficiency was set to 0.096, or 
10% of the PCR efficiency. As expected, the data show that peak heights 
increase with an increase of target DNA mass. Additionally, the stochastic 
variation in PCR efficiency, changes the observed peak heights considerably for 
the same target amount. In fact the peak height can vary so considerably that 
allelic dropout out may occur, especially at lower targets. Similar to the data 
simulated when σPCR=0, the damage induced by heat during PCR does not result 
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in significantly lower peak heights. Both data sets, with and without heat induced 
DNA damage, have similar spreads of peak heights. The results of a two-tailed t-
test assuming equal variances for each target are shown in Table 2. 
Table 2: Comparing Results from the Simulations with and without Heat-Induced 
DNA Damage during PCR for Various Target DNA Masses. 
Target DNA 
Mass (ng) 
Mean of Peak 
Heights Without DNA 
Damage (RFU) 
Mean of Peak 
Heights With DNA 
Damage (RFU) 
p-Value 
0.031 187 161 0.27 
0.062 376 360 0.75 
0.125 686 788 0.33 
0.25 1445 1261 0.06 
0.50 3412 2813 0.10 
0.75 4200 4128 0.89 
1.0 5542 5375 0.77 
 
Even when using a significance α-level of 0.05, comparison between the two 
simulations shows that there is no significant difference in the mean peak heights 
obtained when heat-induced DNA damage is considered. Thus, it cannot be 
concluded that heat-induced DNA damage decreases the peak height observed 
by decreasing the number of amplicons that go through PCR or are available for 
injection. This is consistent with Bartlet el al’s findings that DNA is relatively 
stable in structure and function at temperatures below 100°C[33]. 
2.2.3 Impact on Protocol Modification 
These results demonstrate that the loss of the number of amplicons by 
heat-induced damage is not substantial enough to warrant changes to the 
commonly employed PCR cycling protocol. According to work performed by 
Iacona and Krause, other sources of DNA loss such as loss of genomic DNA 
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during Amicon® filtration and loss of DNA to the polypropylene tubes, result in 
greater incidences of DNA loss[30, 31]. For example, it has been shown that on 
average, 61% of the total DNA can be lost through adhesion to the Amicon® 
Collection Tubes. Even with the use of LoBind tubes the amount of DNA lost to 
the tube was decreased to only 13%[31]. Thus, the loss of 0.6% of the peak 
height due to heat-induced damage is negligible compared to other sources of 
DNA loss. 
Figure 4 also demonstrates that stochastic variation in PCR efficiency 
could substantially impact the peak heights observed. This is corroborated by 
Debernardi et al who studied the variability of peak height from Control DNA 
(9947A) amplified with the AmpFISTR® Identifiler® STR Amplification Kit over a 
period of one year with two different capillary electrophoresis instruments. They 
showed that over time, for example, at the D16S539 locus, the sum of the peak 
heights, or the combined height of two alleles at a heterozygous locus, can vary 
from about 2000 to over 8000 RFU even when the same amount of DNA is 
amplified[34]. In similar vein, Marshall et al demonstrated that the addition of 
betaine in the PCR amplification reaction increased PCR products in low copy 
number samples, using the PowerPlex® ESI 17 Pro System Amplification Kit[35], 
demonstrating that PCR efficiency can be increased such that it is consistently 
close to 1. If this occurs, then an increase in peak height may be the expectation. 
As a result of studies which show that PCR conditions can affect peak 
heights, commercially available, casework-grade PCR chemistries are 
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continuously being improved. Recently, new megaplexes which utilize improved 
PCR buffers and PCR conditions are available for purposes of human 
identification. Thus, the second part of this study was designed to evaluate the 
applicability of these new chemistries and formulae to the forensic sciences. 
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3. VERIFICATION, VALIDATION AND COMPARISON OF TWO PCR 
MEGAPLEXES 
3.1 Methods 
3.1.1 DNA Extraction 
Biological samples consisting of buccal swabs and reddish brown stains 
(RBS) on swatches were stored at -20°C until use[36]. The genotypes of the 
contributors to each of the samples were known. DNA extraction was performed 
using the EZ1 DNA Investigator Kit, and EZ1 Advanced robot using the 
manufacturer’s recommended protocol for Trace purification. Specifically, the 
entire cotton swab or 0.5 cm2 cutting of the swatch was placed into a 1.5 ml 
microcentrifuge tube with 290 µl of G2 Buffer and 10 µl of Qiagen® Proteinase K 
(Qiagen® Hilden, Germany) and incubated at 56°C for at least 1 hour. The 
samples were then incubated at 95°C for 5 minutes. After digestion, the 
substrates were removed from the lysate and the lysate transferred to a new 2.0 
mL screw top tube. Then, 1 µg of carrier RNA was added to each tube[36]. The 
samples were then placed in the EZ1 liquid handler with EZ1 DNA Investigator 
(Qiagen® Hilden, Germany) cartridges for processing according to the Large 
Volume Protocol for whole swabs, or Trace Extraction Protocol for RBS 
swatches, and eluted in 50 µL of TE Buffer. Once extraction was completed, the 
samples were stored in kit provided 2.0 mL screw cap tubes at 2-8°C until further 
use[36, 37]. 
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3.3 DNA Quantitation 
 The 6 extracts were quantified using 7500 Real-Time PCR system (Life 
Technologies, Carlsbad, CA) and the Quantifiler® DUO Quantification Kit (Life 
Technologies, Carlsbad, CA) as per the manufacturer’s protocol[36, 38]. In order 
to account for potential differences between the various quantification values, the 
y-intercept and slope from one of the runs was used to calculate the 
concentration of DNA in all the samples before analysis of data, as per methods 
described by Grgicak et al[39].  
3.4 Mixtures 
Three buccal swabs from three different donors were extracted, and 
quantified as previously described. A total of 3 sets of 2-person mixtures were 
prepared using appropriate volumes of single source extracts such that each 
source contributed 1:9, 3:17, 1:4, 1:3, and 1:1 mass equivalents. Additionally, 
one set of 3-person mixtures was prepared such that the mixture ratios were 
1:1:18, 1:1:8, 1:3:6, 3:3:14, 1:1:3, 1:1:2, and 3:3:4. The prepared mixtures were 
then diluted with TE buffer such that the concentration of DNA in solution was 
less than 0.5 ng/µL. The mixtures were not re-quantified once mixed or after 
dilution. 
3.5 Amplification 
Amplification was performed using the GlobalFiler® (Applied Biosystems®, 
Foster City CA) and PowerPlex® Fusion (Promega, Madison, WI) PCR 
Amplification Kits as per the manufacturer protocols using 29 cycles for the 
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GlobalFiler® amplifications and 30 cycles for PowerPlex® Fusion 
amplifications[28, 29]. The mass of input DNA for single source samples ranged 
from 0.03 to 0.75 ng for GlobalFiler® and 0.03 to 0.50 ng for PowerPlex® Fusion. 
Three of the six samples were amplified in triplicate using GlobalFiler® and the 
other three samples were amplified separately in triplicate using PowerPlex® 
Fusion. Different samples were used for both kits due to limitations of sample 
volume. The 2- and 3-person mixtures were amplified in duplicate per 
amplification kit using the same protocols employed with the single source 
samples. The total target DNA mass was 0.75ng and 0.50ng for GlobalFiler® and 
PowerPlex® Fusion mixtures, respectively. Table 3 provides a summary of the 
total number of amplified work products produced at each input mass for each 
sample type. 
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Table 3: Summary of amplification products produced for single source and DNA 
mixture samples using GlobalFiler® and PowerPlex® Fusion PCR Amplification 
Kits 
Sample 
Type 
Target DNA 
Mass(ng) 
GlobalFiler® PCR 
Amplification Kit 
PowerPlex® Fusion 
PCR Amplification 
Kit 
Single 
Source 
0.03 3 samples amplified in 
triplicate 
3 samples amplified in 
triplicate 
0.06 3 samples amplified in 
triplicate 
3 samples amplified in 
triplicate 
0.12 3 samples amplified in 
triplicate 
3 samples amplified in 
triplicate 
0.25 3 samples amplified in 
triplicate 
3 samples amplified in 
triplicate 
0.30  3 samples amplified in 
triplicate 
0.40  3 samples amplified in 
triplicate 
0.50 3 samples amplified in 
triplicate 
3 samples amplified in 
triplicate 
0.75 3 samples amplified in 
triplicate 
 
2-person 
Mixtures 
0.5  27 samples amplified 
in duplicate (1:9, 3:17, 
1:4, 1:3, and 1:1 
contributor ratios) 
2-person 
Mixtures 
0.75 27 samples amplified 
in duplicate (1:9, 3:17, 
1:4, 1:3, and 1:1 
contributor ratios) 
 
3-person 
Mixtures 
0.5  21 samples amplified 
in duplicate (1:1:18, 
1:1:8, 1:3:6, 3:3:14, 
1:1:3, 1:1:2, and 3:3:4 
contributor ratios) 
3-person 
Mixtures 
0.75 21 samples amplified 
in duplicate (1:1:18, 
1:1:8, 1:3:6, 3:3:14, 
1:1:3, 1:1:2, and 3:3:4 
contributor ratios) 
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3.6 Capillary Electrophoresis 
The GlobalFiler® work-products were prepared using 1 µL of amplified 
product with 9.6 µL of Hi-Di formamide and 0.4 µL of GeneScan™-600 Liz® Size 
Standard version 2.0 (Life Technologies, Carlsbad, CA). PowerPlex® Fusion 
work-products were prepared using 1 µL of amplified product with 10 µL of Hi-Di 
formamide and 1 µL of CC5 Internal Lane Standard 500 (Promega, Madison, 
WI)[28, 29]. All samples were heated for 3 minutes at 95°C on a heat block and 
then immediately cooled at -20°C for 3 minutes before fragment analysis was 
performed on the 3500xl Genetic Analyzer (Applied Biosystems®, Foster City, 
CA)  as per the manufacturer’s protocols for the 2 megaplexes[28, 29, 40]. 
Briefly, both GlobalFiler® and PowerPlex® Fusion amplification products were 
injected for 24 seconds using an injection voltage of 1.2 kV and normalization 
was not used for any of the samples[28, 29]. 
3.7 Data Analysis 
After electrophoresis, the output files were analyzed using GeneMapper 
ID-X v.1.4 (Applied Biosystems®, Foster City, CA). All single source samples 
were analyzed at an AT of 1 RFU, without stutter filters. All peaks were classified 
as either 1) true allele; 2) known artifact (stutter, pull-up, minus-A, etc.); or, 3) 
noise. To be classified as a true allele, the peak must be >1 RFU and be in the 
same position (±0.5 bp) as the known allele. A peak was considered stutter if it 
was either in the n+4 or n-4 position of the known allele. To be classified as pull-
up the peak had to fall within 0.5 bp of a true allele peak in an adjacent dye 
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channel and have a peak height of less than 5% of the true allele peak. If a peak 
was labelled and was 1 bp shorter than the true allele, it was considered a 
minus-A artifact. If a peak did not fall into either the true allele or artifact category, 
it was classified as noise. This analysis was performed on all samples for each 
megaplex and each dye channel separately. 
 During peak height analysis, all homozygous peak heights were divided by 
2 to represent the contribution of 2 alleles while all the peak heights of 
heterozygous alleles were not modified. The average peak height of true allele 
peaks and 1 standard deviation from the mean was plotted against target mass 
in Igor Pro v. 6.1.2.1 (Wavemetrics Inc., Oswego, OR). A weighted least squares 
regression was performed on the data from all single source samples[41]. Using 
the y-intercept and slope obtained for each dye channel for both kits, the limit of 
detection and analytical sensitivity were determined using the equations 
described in Table 4. Additionally, using the average peak heights from targets 
0.03-0.5 ng for GlobalFiler® and 0.03-0.25 ng for PowerPlex® Fusion, an AT was 
determined for every dye channel for each kit using the equation below[15, 16], 
#R< = S + CTU.< × V
   Equation 11 
where AT is the analytical threshold, b is the y-intercept obtained from the 
weighted least squares regression, tα=0.01 is the one-sided t-statistic at 99%, and 
SE is the standard error. The significance level of 0.01 was chosen as it is 
recommended by Mocak et al[42]. 
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 Noise peaks for each color channel per kit were analyzed and the 
maximum noise peak height in each dye was recorded. Thus, a second proposed 
AT (AT2) for each dye channel was determined and was taken to be the 
maximum noise peak height plus 1 RFU[15].  
All single source and mixture samples for both megaplexes were analyzed 
at the two ATs. The frequency of dropout using single source samples and the 
frequency of false detections using the mixture samples, was determined for 
each megaplex using the equations outlined in Table 4 at each AT. Additionally, 
for data analyzed using AT2, the stochastic threshold and heterozygous peak 
balance for heterozygous loci were evaluated. Table 4 describes the equations 
used to determine these values. 
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Table 4: The equations used to determine the Limit of Detection, Analytical 
Sensitivity, Frequency of Dropout, Frequency of False Detections, Heterozygous 
Peak Balance and Stochastic Threshold, where AT= analytical threshold, m= 
slope, SD= standard deviation, WXY= peak height of the allele with the lower 
molecular weight, ZXY= peak height of the allele with the higher molecular 
weight, Hmax= maximum peak height[16, 27, 43]. 
Parameter Equation 
Limit of 
Detection 
(LOD) 
[\] = #R&  + 2
#R&
 ×
V]
  
Analytical 
Sensitivity 
(AS) 
#V = /V]_`aPN_ 
Frequency of 
Drop-out 
(FDO) 
b =
(cS>* )d eH)fH #,,>,>I ()C ]>C>GC>g +C #R
(cS>* )d eH)fH #,,>,>I  
Frequency of 
False 
Detections 
(FD) 
] = (cS>* )d [)G@ 
hℎ@S@C@HA +C ,>+IC 1 H)@I> F>+? > #R(cS>* )d [)G@  
Heterozygous 
Peak Balance 
(Hb) 
 =
WXY
ZXY
 
Stochastic 
Threshold 
(ST) 
VR = `j )d +,I> ))klA)C> ]>C>GC>g +S)m> #R& 
 
After analysis of FDO and FD using single source and DNA mixture 
samples, AT2 was chosen as the AT for analysis of the DNA mixture samples. 
The two and three-person mixture samples were analyzed using AT2, and for 
each mixture the target of the minor contributor was plotted against the fraction of 
unique minor alleles detected for both kits. This was done to determine if one kit 
is able to detect the minor contributor more effectively.  
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3.2 Results and Discussion 
3.2.1 Adjustment of Variation in Quantitative PCR 
 The 6 samples used to compare the two kits were quantified on 3 different 
plates on 3 different days. Grgicak et al showed that while quantitative PCR 
(qPCR) results are reproducible, there is inherent variation within each plate run 
[39]. To ensure a direct comparison between the two megaplexes can be made, 
the concentration of all samples were determined using one calibration curve. In 
order to confirm that there is minimal signal variation between plates, the cycle 
threshold (CT) values, obtained from the amplification of the Internal PCR Control 
(IPC) between plates, were compared. A t-test was used to compare Plate 1 to 
Plate 2 and Plate 1 to Plate 3, in order to verify that the CT values between the 2 
sets are not significantly different.  
Table 5: Comparison of IPC CT values for three qPCR plates using t-test. 
 CT Plate 1 CT Plate 2 CT Plate 3 
Mean 29.91 29.83 29.98 
Variance 0.014 0.015 0.012 
p-value of t-test 
with Plate 1 
 0.12 0.25 
 
 Using an α-level of 0.05, the results in Table 5 suggest there are no 
significant differences in the CT values between Plates 1 and 2 or Plates 1 and 3. 
Therefore, a validated curve consisting of a y-intercept of 28.3284 and slope of -
3.2333 (from Plate 1) was used to calculate the concentration of DNA for each 
sample as per Equation 12. 
n = −3.2333 ,)A[](#] + 28.3284  Equation 12 
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It is to be noted that the slope of -3.2333 represents a PCR efficiency, of 1.04, 
indicating the validity of Equation 12 as the external calibration curve. 
3.2.2 Determination of Analytical and Stochastic Thresholds 
In order to analyze, interpret, and compare samples to knowns using 
Random Man Not Excluded (RMNE) statistics, an AT and corresponding 
stochastic threshold must be determined. The AT, also known as the minimum 
distinguishable signal, is defined as the signal level below which noise can no 
longer be distinguished from true signal. According to SWGDAM interpretation 
guidelines, “the analytical threshold should be established based on signal-to-
noise considerations (i.e., distinguishing potential allelic peaks from background). 
The analytical threshold should not be established for purposes of avoiding 
artifact labeling as such may result in the potential loss of allelic data”[14]. The 
analytical threshold was calculated using two methods and the effectiveness of 
each threshold was evaluated. In the first method, the peak heights of the known 
alleles for each locus for the various dye channels were determined and plotted 
against template mass. A weighted least squares regression analysis followed. 
The resultant y-intercept and standard error of regression were used to 
determine the AT as per Equation 11.  
Methods to determine AT have been extensively discussed in the 
literature. For example, Kaiser recommended a method to determine the minimal 
distinguishable signal which used blank runs. The resulting mean and standard 
deviation of the blank signals are then used to determine the AT[44]. In addition 
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to this, Currie also recommended running blanks to assess noise fluctuations, but 
suggested the use of confidence intervals based on the sample size to determine 
the AT[45]. In contrast, Winefordner discussed using the theory of propagation of 
error to calculate the minimum distinguishable signal and the limit of detection as 
a potential replacement to the methods outlined by Kaiser and Currie[16]. Within 
the forensic DNA analysis literature, Bregu et al used blank samples to determine 
the AT, and showed that for samples with high levels of DNA, significant number 
of noise peaks exceed the AT obtained from blanks[15]. Bregu et al and Rakay et 
al also studied how analysis of samples at various ATs can change the frequency 
of allele dropout and the frequency of false detections. They showed that while 
use of ATs derived from blank samples, using Kaiser’s method, decreases the 
probability of dropout, they also increase the frequency of false detections. 
Further, it was shown that the ATs derived from calibration curves are generally 
larger than those derived from blanks. That is, the ATs derived from calibration 
curves tended to increase the probability of dropout, but the frequency of false 
detections was 0[15, 46]. Additionally, Rakay et al demonstrated that the use of 
the max noise peak height of blank samples as the AT resulted in 0 false 
detections and had the lowest frequency of dropout[46]. Based on this analysis, 
two ATs were calculated, using samples containing DNA, and compared in this 
work: 1) using a calibration curve and the method proposed by Winefordner; and 
2) the maximum noise peak observed in samples containing DNA.  
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Figure 5: Weighted Least Squares Regression Analysis of Average Peak Heights 
per Dye Channel for the (O) GlobalFiler® and the (□) PowerPlex® Fusion 
Amplification Kits with 1 Standard Deviation and Trendline. A) Blue Dye Channel, 
B) Green Dye Channel, C) Yellow Dye Channel, D) Red Dye Channel, and E) 
Purple Dye Channel. 
 Figure 5 displays the average peak height per dye channel plotted against 
the target DNA mass. It also shows the best fit trendline of the weighted least 
A B 
C D 
E 
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squares regression using 1 standard deviation. AT1 was determined using 
Equation 11 per dye channel for each megaplex. Additionally, a second analytical 
threshold (AT2) was determined by evaluating the noise peaks for each sample, 
and determining the maximum noise peak height observed.  
Table 6: Analytical Thresholds Calculated Using Data Obtained from Single 
Source Samples Amplified with GlobalFiler® and PowerPlex® Fusion 
Amplification Chemistries and Protocols.  
 GlobalFiler® PowerPlex® Fusion 
Dye Channel AT1 AT2 AT1 AT2 
Blue 107 58 223 188 
Green 83 141 583 337 
Yellow 43 87 390 325 
Red 79 109 484 86 
Purple 77 77   
 
 The calculated analytical threshold (AT1) using Equation 11 was higher 
than the maximum noise peak height observed (AT2) for all dye channels using 
the PowerPlex® Fusion Amplification Kit. Using the GlobalFiler® Amplification Kit, 
for some dye channels, such as the green and red channels, AT2 was larger than 
AT1. In general Figure 5 shows that, PowerPlex® Fusion samples resulted in 
higher average peak heights than samples amplified with GlobalFiler® which 
resulted in larger analytical thresholds for the PowerPlex® Fusion amplification 
chemistry. 
 In order to select an AT for casework purposes, a comparison of the 
frequency of dropout was conducted.  
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Figure 6: A) Frequency of Dropout vs Average Peak Height of Sample for (O) 
GlobalFiler® and (□) PowerPlex® Fusion Amplification Kits at AT1. B) Frequency 
of Dropout vs Average Peak Height of Sample for (O) GlobalFiler® and (□)  
PowerPlex® Fusion Amplification Kits at AT2. 
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Figure 6 shows the frequency of dropout for each megaplex for all single 
source samples analyzed using AT1 and AT2 against the average peak height of 
the sample. Qualitatively, it is observed that for samples amplified with 
PowerPlex® Fusion, utilization of AT1 resulted in higher frequencies of dropout. 
This is expected as AT1 was greater than AT2 for all dye channels. For example, 
the highest frequency of dropout observed was 0.21 when AT2 was utilized while 
the highest frequency of dropout was 0.51 when AT1 was utilized, indicating the 
large dependence of dropout on AT. For samples amplified with GlobalFiler®, the 
frequency of dropout was similar for both AT1 and AT2, where the highest 
frequency of dropout observed was 0.78. Further, samples amplified with 
PowerPlex® Fusion exhibited higher dropout rates at a given average peak 
height, regardless of which AT was implemented. This result is expected since 
dropout is caused by sampling effects related to the target copy number of the 
locus being amplified, and the average peak height at a given template mass is 
larger for PowerPlex® Fusion than for GlobalFiler® amplifications[47, 48].  
 Before an AT can be selected, the frequency of false detections for both 
ATs should also be assessed. False detections may be the result of noise peaks 
that exceed the proposed AT or allele drop-in from extraneous DNA. The 
frequency of false detections was calculated using the amplified mixtures to test 
a second set of samples against the AT calculated from the single source 
samples. The mixtures that were amplified using both megaplexes, were 
analyzed using AT1 and AT2 in order to determine the frequency of false 
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detections. It was determined that for both megaplexes, at both thresholds, no 
false detections were observed in any of the mixture samples, signifying that both 
analytical thresholds are effective in distinguishing noise from biological signal.  
 Considering the frequency of dropout and the frequency of false 
detections for both megaplexes at both thresholds, AT2 was deemed an 
appropriate AT for casework purposes, as AT1 resulted in unnecessarily large 
dropout rates. That is, AT2 resulted in the lowest frequency of dropout for both 
megaplexes but was still high enough to ensure noise was not detected. Thus, 
subsequent analyses were made using samples analyzed using AT2.  
In addition to the AT, a stochastic threshold was also determined for both 
megaplexes using the single source samples. The stochastic threshold was 
defined as the largest peak height observed in the single source data set where a 
known heterozygous locus exhibited allelic dropout of one of the alleles[27].  
Table 7: Stochastic Threshold for GlobalFiler® and PowerPlex® Fusion 
Amplification Kits. 
 Stochastic Threshold 
 GlobalFiler® PowerPlex® Fusion 
Maximum Peak Height 
Observed of a False 
Homozygous Allele 
606 930 
 
Considering PowerPlex® Fusion resulted in higher peak heights overall, it is not 
surprising that the stochastic threshold for this megaplex would be higher. 
However, when examining dropout as a function of input mass, it was observed 
that samples containing less than or equal to 0.25 and 0.06 ng of DNA, exhibited 
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dropout when amplified with the GlobalFiler® and PowerPlex® Fusion 
Amplification Kits, respectively. This corroborates the findings of Oostdik et al, 
who also showed that samples amplified with PowerPlex® Fusion and analyzed 
with the 3500 Genetic Analyzer resulted in 97% of the alleles being detected 
above AT for samples as low as 0.05ng of DNA[49]. Furthermore, Martin et al, 
also observed that for GlobalFiler® dropout at some loci is possible with 0.25 ng 
of input DNA[27]. 
3.2.3 Limit of Detection 
The limit of detection (LOD), in ng, was also determined for each dye 
channel and megaplex. This LOD represents the smallest target mass that 
produces a signal that is distinguishable from the noise.  
Table 8: Weighted Least Squares Regression Analysis Equations for PowerPlex® 
Fusion and GlobalFiler® Amplification Kits for each dye channel. 
 
Dye 
Channels 
WLS Regression Equations 
(y=Average Peak Height, x=DNA Target Mass) 
GlobalFiler® PowerPlex® Fusion 
Blue y=3752±1190x + 77±112 y=10124±1170x + 172±147 
Green y=4228±1130x + 46±100 y=14050±1260x + 201±188 
Red y=4778±1520x + 72±128 y=17954±2550x + 235±290 
Yellow y=4329±1130x + 16±87 y=13777±1610x + 183±196 
Purple y=5194±1300x + 16±124  
46 
 
Table 9: Limit of Detection for PowerPlex® Fusion and GlobalFiler® Amplification 
Kits Using Weighted Least Squares Regression Analysis for all Dye Channels 
Dye Channels 
Limit of Detection (ng) 
GlobalFiler® PowerPlex® Fusion 
Blue 0.025 0.023 
Green 0.051 0.028 
Red 0.037 0.006 
Yellow 0.031 0.029 
Purple 0.022  
 
The results show that overall, in all comparable dye channels, PowerPlex® 
Fusion has a lower limit of detection than GlobalFiler®, which is consistent with 
the increased rates of dropout associated with GlobalFiler® amplifications at 
given target masses. However, both kits demonstrated limits of detection 
significantly below 0.25 ng where stochastic effects are known to occur in various 
PCR multiplexes[50]. Also, both megaplexes displayed a limit of detection at 
least as low as 0.06 ng, suggesting both megaplexes are sensitive enough to 
analyze low copy number samples containing less than 0.1 ng of DNA[51]. This 
is consistent with findings from Zhang et al for PowerPlex® Fusion, where they 
tested a subset of the PowerPlex® Fusion loci using the kit’s protocols and 
buffers, and demonstrated that 0.5 ng was one of the ideal mass targets DNA 
mass for amplification. They also showed that below 62 pg of DNA, the profiles 
had increased levels of dropout and imbalanced peaks[52].  
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3.2.4 Analytical Sensitivity 
Sensitivity is described as the increase in observed signal per increase in 
concentration. For DNA analysis purposes, sensitivity can be defined as the 
slope of the calibration curve of average peak height versus target DNA mass. 
Therefore, a larger slope represents greater sensitivity[15]. In order to compare 
the sensitivities of the two megaplexes, their analytical sensitivities were also 
determined. These values were calculated using the slope of the weighted least 
squares regression analysis and the standard deviation at a specified target DNA 
mass. Analytical sensitivity “takes into account the change in signal with respect 
to the change in concentration and the precision of the measurement at a given 
concentration”[15]. Therefore, the analytical sensitivity allows one to determine 
whether small differences in signal will be observed with small changes to target 
amount. And a larger analytical sensitivity, therefore, reflects a better ability to 
discern small differences in input amounts at a given concentration. The target 
DNA mass was 0.75 ng and 0.5 ng for GlobalFiler® and PowerPlex® Fusion 
Amplification Kits, respectively. Weighted least squares analysis equations in 
Table 8 along with analytical sensitivity equation in Table 4 were used to 
calculate the analytical sensitivity per dye channel for each megaplex, at both 
masses, if possible.  
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Table 10: Analytical Sensitivity for PowerPlex® Fusion and GlobalFiler® 
Amplification Kits for each dye channel. 
Dye Channels Analytical Sensitivity  
 
GlobalFiler® PowerPlex® Fusion 
Target DNA Mass 0.5ng 0.75ng 0.5ng 0.75ng 
Blue 3.61 2.45 8.62 NT 
Green 5.08 2.78 11.92 NT 
Red 4.06 2.44 8.18 NT 
Yellow 4.89 3.32 10.16 NT 
Purple 5.54 2.90  NT 
NT= Not Tested 
The results indicate that PowerPlex® Fusion has a higher analytical 
sensitivity than the GlobalFiler® megaplex. This signifies that amplifications 
performed with the PowerPlex® Fusion kit results in the ability to discern smaller 
changes in target than the GlobalFiler® counterpart. Higher sensitivity is 
oftentimes associated with a lower limit of detection, since a lower quantity of 
DNA is required to observe signal that is distinguishable from noise, as seen with 
PowerPlex® Fusion[19]. The sensitivity of these two megaplexes is similar to that 
of other commercially available multiplexes as demonstrated by Tucker et al for 
the PowerPlex® ESX 16 and 17 systems, Green et al for the AmpFISTR® NGM 
Select™ Amplification Kit, and Wang et al for the AmpFISTR® IdentiFiler® Plus 
Amplification Kit[53-55]. Thus, it can be expected that these two megaplexes will 
perform as intended for forensic DNA identification purposes. Furthermore, 
though PowerPlex® Fusion processing schemes resulted in lower limits of 
detection and higher sensitivities—both analytical and calibration—an increase in 
number of PCR artifacts need also be considered. 
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3.2.5 Artifacts 
The larger calibration sensitivity of the PowerPlex® Fusion chemistry 
suggests that higher peak heights are expected for a given DNA target mass. 
However, this higher signal may be accompanied by an increase in the number 
of detectable artifacts. This is significant for DNA analysis because an overall 
increase in signal would produce an electropherogram with more pull-up or 
cross-talk peaks. An increase in the number of artifact peaks, especially if seen 
above analytical threshold, makes interpretation of mixture profiles more difficult, 
since the presence of artifact peaks and the variability in peak heights raises 
ambiguity in assigning the number of contributors and can affect the comparison 
to a known[56-59]. 
Artifacts are present as a result of imperfections during PCR amplification 
or the instrument’s ability to distinguish fluorescence signals. Artifacts arising as 
a result of errors in amplification include stutter and incomplete adenylation. 
Artifacts such as bleed-through and spikes arise from faults that occur during 
CE[60]. Assessment of these artifacts is important, because the laboratory ought 
to establish criteria to differentiate true alleles from artifact peaks[60]. If a 
laboratory observes an excess number of artifacts, certain troubleshooting steps, 
such as rerunning a spectral calibration, may be necessary to obtain reasonable 
or interpretable results. 
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 A comparison of the total number of artifacts observed above AT2 for 9 
amplifications, per target amount, for each of the two megaplexes was 
performed. 
 
Figure 7: Number of Artifacts Observed versus Target DNA Mass (ng) for (□) 
PowerPlex® Fusion and (O) GlobalFiler® amplified samples analyzed at AT2.  
 
Figure 7 demonstrates that for both megaplexes, the number of artifacts 
observed at low-copy targets, where stochastic effects are present, is less than 
5. As the target increases, the number of artifacts increase. Additionally, the 
number of artifacts above the relevant AT2 for PowerPlex® Fusion is larger than 
the number of artifacts observed when GlobalFiler® was utilized as the 
amplification kit. This signifies that assuming the spectral overlap correction is 
equal between chemistries, the increased sensitivity of PowerPlex® Fusion, also 
leads to the generation of profiles containing a larger percentage of signal 
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originating from artifact. Therefore, there appears to be a trade-off between the 
kit’s sensitivity and the production of artifacts. Since there is no commercially 
available system to remove or filter these artifacts, this trade-off becomes an 
important parameter when deciding which amplification kit to employ during 
forensic testing. 
 While some artifacts are distinguishable based on certain criteria, their 
presence makes the analysis of DNA mixtures, particularly mixtures with minor 
contributors, challenging. For example, if an allele from a minor contributor 
overlaps with signal from bleed-through, the height of the ‘minor’ allele will be 
artificially inflated, making it difficult to accurately assess the contribution of the 
minor contributor and to properly deconvolute genotypes of the major and minor 
contributors[61]. Additionally, there is a chance the observed signal may be not 
be considered an allele as if it is categorized as an artifact, when in fact the 
signal may be due to a combination of both allelic and artifact signal. As Bright et 
al have demonstrated, an assumption of a higher number of contributors 
resulting from artificially inflated peak heights in stutter position can reduce the 
likelihood-ratio of known contributors and increase the likelihood-ratio of 
unknown contributors[57]. Additionally, Bille et al illustrate that the use of strict 
thresholds to filter artifacts such as stutter can result in false inclusions, 
inconsistency and reduced reproducibility of interpretation[56]. Thus, an increase 
in the number and severity of detected artifacts could potentially complicate the 
interpretation of profiles, especially mixtures with low level minor contributors. 
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Therefore, Gill et al and Budowle et al recommend that when artifacts, 
particularly stutter, are similar in peak height or area to other allelic peaks of the 
minor contributor, they should be considered as potential alleles for interpretation 
and statistical calculation[9, 62, 63]. Therefore, PCR chemistries which result in a 
large number of artifacts could cause difficulty during interpretation. As such, 
forensic laboratories in the midst of validating kit chemistries ought to evaluate 
the potential laboratory process in terms of the interpretation outcome.  
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3.2.6 Heterozygous Balance 
 
Figure 8: A) Heterozygous Balance versus the Average Peak Height of Locus for 
GlobalFiler® Amplification Kit. B) Heterozygous Balance versus the Average 
Peak Height of Locus for PowerPlex® Fusion Amplification Kit. 
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The ability of a multiplex to equally amplify all alleles at given loci is 
important to the analysis of forensic samples, as variation in amplification of 
different loci and alleles within a locus could result in challenges during 
interpretation. A comparison of the heterozygous balance of all heterozygous loci 
for all single source samples for both megaplexes, showed that a majority of the 
loci exhibit heterozygous balance between 0.5 and 1.5. Bright et al’s analysis of 
heterozygous balance for the Identifiler® Amplification Kit showed a similar 
spread between 0.4 and 1.4 for loci with low average peak heights[23].  
Furthermore, Figure 8 shows that for both megaplexes, as the average 
peak height increases, the heterozygous balance approaches 1, indicating that 
the deviation from a perfect heterozygous balance of 1 is more pronounced in 
samples that contain lower DNA targets[27]. Oostdik et al also demonstrated that 
samples amplified with PowerPlex® Fusion demonstrated peak height ratios 
equal to or greater than 70% for samples containing more than 50 pg of input 
DNA[49]. This data is also consistent with Martin et al’s findings that samples 
amplified with GlobalFiler® chemistry displayed, on average, heterozygous peak 
height ratios above 80%. But approximately 5% of the time, peak height ratio 
values below 60% were observed at all loci with the minimum peak height ratio 
observed at 0.41[27]. Based on this, it can be concluded that there is no 
meaningful difference between the kits abilities to equally amplify alleles within 
heterozygous loci. 
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3.2.7 Mixtures 
Considering many of the samples processed in forensic laboratories are 
mixtures of DNA from two or more people, a kit’s ability to amplify mixtures such 
that a mixture can be recognized is of extreme importance. To evaluate this, two 
and three-person mixtures were amplified and the fraction of unique minor alleles 
detected above AT2 was assessed.  
 
Figure 9: Fraction of Unique Minor Alleles Detected versus Template DNA Mass 
of Minor Contributor (ng) for two- and three-person DNA mixtures amplified with 
(O) GlobalFiler® and (□) PowerPlex® Fusion, analyzed at AT2. 
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little as 0.04 ng of DNA from the minor contributor was needed to detect 
approximately 66% of the alleles. This is consistent with GlobalFiler® 
Amplification kit’s limit of detection which ranged from 0.03-0.05 ng of input DNA 
mass. Moreover,  Martin et al, also determined that at 0.16 ng of the minor 
contributor, all alleles from the minor can be detected above AT for GlobalFiler® 
amplifications[27]. Furthermore, about 0.03 ng of input DNA mass resulted in 
approximately 40% of the unique minor alleles being detected for PowerPlex® 
Fusion amplifications. This is also consistent with the kit’s limit of detection which 
ranged from 0.006-0.029 ng of input DNA mass. These results are also 
consistent with Guo et al’s findings showing that mixtures amplified with 
PowerPlex® Fusion needed a minimum of 0.1 ng of DNA from the minor 
contributor to detect a majority of the unique minor alleles. When 0.2 ng of DNA 
from the minor contributor was amplified, all of the unique alleles were 
detected[64].  
 The analysis of these mock-mixture samples reveals that both 
megaplexes perform well when detecting the minor contributor in mixtures. Both 
are able to detect the presence of a mixture even when the minor contributor is at 
low-levels. These data are consistent with the limit of detections determined with 
single source samples for both megaplexes. The ability of an STR multiplex to 
detect low-copy minor contributors is important for forensic DNA, especially now, 
when touch DNA samples are collected at crime scenes, and processed more 
frequently by forensic laboratories.  
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4. CONCLUSIONS 
Heat-induced damage of DNA molecules has been extensively studied in 
order to elucidate the effect damage has on the replication process. The 
information garnered from previous work was utilized in the dynamic model in 
order to understand how the various rates of damage at the different PCR cycling 
temperatures could affect DNA signal. 
 If the PCR efficiency is assumed to be constant during PCR, the simulated 
data show that the peak heights are negligibly affected by heat-induced damage. 
The maximum observed difference between peak heights with and without heat-
induced DNA damage was 0.6%. This difference is not significant enough to 
warrant a change in PCR cycling protocols.  
 When PCR efficiency was assumed to vary at every cycle according to the 
normal distribution (i.e., σPCR = 0.096) the resultant peak heights, when heat-
induced DNA damage was not present, were not significantly different from the 
peak heights generated when heat-induced DNA damage was present. In fact, 
the variability in PCR efficiency itself led to larger changes in peak heights 
making the effects of heat-induced damage negligible. Therefore, it may be of 
interest to limit the variability in PCR efficiency by introducing changes to PCR 
processing and protocols which increase primer binding and synthesis efficiency. 
In addition, other sources of DNA loss during forensic DNA processing cause 
measureable loss of DNA and outweigh the effects of heat-induced DNA damage 
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during PCR. Thus, methods to reduce the loss from these sources would be of 
great significance.  
 Further, validation of newly developed 24-STR locus multiplex PCR 
amplification kits has become a key goal for many crime laboratories as it is the 
intention that the CODIS loci be expanded to include genetic information from 20 
rather than the current 13 loci[26]. A comparison of two commercially available 
megaplexes, GlobalFiler® PCR Amplification Kit and PowerPlex® Fusion PCR 
Amplification Kit, indicates that the two megaplexes have different limits of 
detection, analytical sensitivities, and rates of artifact detection, but similar 
heterozygous balance. Further, both amplification chemistries were able to detect 
alleles from minor contributors in DNA mixtures. 
 Single source samples amplified with PowerPlex® Fusion showed that 
amplification with this kit resulted in higher analytical sensitivities and a lower 
limit of detection, indicating that it can successfully amplify lower amounts of 
DNA. However, this increase in sensitivity coincided with an increase in artifact 
detection in PowerPlex® Fusion samples, particularly at high targets. While 
samples amplified with GlobalFiler® had lower analytical sensitivities and a higher 
limit of detection, the number of artifacts observed above the analytical threshold 
was considerably lower for this megaplex. 
 Although, there are differences between the megaplexes’ sensitivities and 
limits of detection, their ability to detect the alleles of minor contributors in 
mixtures was similar, given the manufacturer’s recommended protocol and 
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optimized target mass. Also, single source samples amplified with both kits 
showed similar trends of heterozygous balance, suggesting both megaplexes are 
able to amplify all alleles at all loci uniformly. As expected, the variation in 
heterozygous balance, in both kits, is greater at lower targets and approaches 1 
as the target increases.  
 Thus, the differences in the two megaplexes’ figures of merit suggest 
PowerPlex® Fusion was more sensitive and better suited to low copy number 
evaluation of evidence. However, with this increase in sensitivity comes higher 
levels of artifact detection at larger targets, which can make downstream 
interpretation and analysis of minor-major mixtures even more difficult. Despite 
these differences, both amplification protocols meet the standards for forensic 
DNA analysis as they are robust, sensitive to low-copy amounts of DNA, provide 
enhanced discrimination power over the current kit offerings and meet the new 
CODIS Core Loci requirements. Thus, the use of one megaplex is not 
recommended over the other. Individual laboratories would need to assess the 
performance of each in their own laboratories and evaluate them against their 
existing protocols to determine suitability. 
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